
AlllOS DBflTBS

NIST

PUBLICATIONS NISTIR 5903

Mechanical Properties of
Aluminum Nitride Substrates

J.S. Wallace
E.R. Fuller, Jr.

S.W. Freiman
Ceramics Division

U.S. DEPARTMENT OF COMMERCE
Technology Administration

National Institute of Standards

and Technology

Materials Science and Engineering Laboratory (MSEL)

Gaithersburg, MD 20899-0001

QC
100

.U56

NO.5903

1996

NIST



r



NISTIR 5903

Mechanical Properties of
Aluminum Nitride Substrates

J.S. Wallace
E.R. Fuller, Jr.

S.W. Freiman
Ceramics Division

U.S. DEPARTMENT OF COMMERCE
Technology Administration

National Institute of Standards

and Technology

Materials Science and Engineering Laboratory (MSEL)

Gaithersburg, MD 20899-0001

December 1996

U.S. DEPARTMENT OF COMMERCE
Michael Kantor, Secretary

TECHNOLOGY ADMINISTRATION
Mary L. Good, Under Secretary for Technology

NATIONAL INSTITUTE OF STANDARDS
AND TECHNOLOGY
Arati Prabhakar, Director



INTRODUCTION

Basic research is being conducted to characterize the mechanical reliability of

aluminum nitride (AIN) substrates for use in advanced heat management

applications. Because of its high thermal conductivity, AIN has performance

advantages in myriad high-density, high-power applications, e.g., multichip

modules, discrete RJF device packaging, and high-power switching devices.

However, thermal gradients, joining stresses, and packaging forces can result in

large stresses in the AIN substrates. Accordingly, mechanical properties,

particularly strength distributions and long-term strength degradation, become

important aspects of overall reliability of these devices. Development of high

reliability substrate materials thus requires characterization of mechanical

properties, particularly when new powders and low firing compositions are

developed.

This research is a four-way collaboration between Dow Chemical Co. in Midland,

Michigan, who provides AIN powder to Toshiba’s Research and Development

Center in Japan to make test specimens. NIST develops and conducts tests for

characterizing the mechanical behavior of AIN substrates, and Japan’s National

Industrial Research Laboratory ofNagoya (NIRIN) is responsible for processing

studies and microstructural characterization. The research is pre-competitive to

avoid intellectual property rights issues. This report describes the research

conducted at NIST.

TESTING CONFIGURATION DESIGN

Development of high-reliability substrate materials requires the characterization

of mechanical properties for developmental materials which are fabricated with

new powders and compositions. Unfortunately, the usual techniques for

evaluating strength, three- and four-point bending of bar samples, are

incompatible with the geometry of the thin, tape-cast plates used as substrates;

standardized strength testing techniques from ASTM', European Standard^ and

JIS^ require specimen thicknesses of 3 - 4 mm, far greater than the 0.5 - 1 mm
found in tape-cast substrates which typically have 2 to 3 tape layers. Although

lamination of 1 5 to 20 ceramic tapes prior to sintering could produce the required

testing thicknesses, this would still preclude the characterization of production

materials. Furthermore, questions arise as to whether thick laminated materials are

representative of thinner production substrate materials.

Requirements of the current bend-strength standards present another problem:
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dimensional tolerances and flatness mandate that samples be machined, limiting

the ability to characterize the strength of as-fired and finished surfaces. For these

reasons, it is desirable to utilize a alternate technique for characterizing thin

electronic substrate materials. The geometry of the substrates virtually dictates

that a biaxial flexure condition be applied for testing. The biaxial flexure testing

techniques which have been utilized are: piston on three balls,"*’^’^ ball on three

balls,^ ball on ring,’ uniform hydraulic pressure® and coaxial ring.^ The strong and

weak points of each of these techniques will be discussed in turn.

Piston-on-Three-Balls Configuration

The test requirements for piston on three balls have been formalized in ASTM
standard F 394 - 78.^ One sample face is supported on three balls and the load is

applied to the opposite surface by a flat, unaniculated piston. The stress state on

the surface opposite the piston is biaxial tension on the surface with constant

stress directly opposite the piston. Two potential sources of error, load point

friction at the piston and mirroring of contact stress opposite the piston, have been

addressed in the standard by the use of a compliant 0.05 mm thick polyethylene

film between the piston and sample. The polyethylene film acts as a compliant

layer, lowering the contact stresses and friction. However, two major sources of

error still exist for this test technique. First, since the upper loading piston is not

articulated, any warpage of the specimen, particularly for as-fired surfaces, or

misalignment of the machine will result in a non-uniform stress state. Also, the

relatively large span of the load points on the tensile surface (25.4 mm load circle

diameter) requires the use of relatively large specimen thickness in order to avoid

excess deflection and the accompanying nonlinear elastic “membrane” stresses.

These large spans, as compared to the sample size, also result in significant

stresses along the outside edges of the sample, resulting in increased probability of

sample edge failure which would bias the test results.

Ball-on-Three-Balls Configuration

The testing procedures for the ball on three balls,^ in which the specimen surface

is supported on three balls and the load is applied on the opposite surface through

a single central ball, have not been formalized as an international standard. In

general, however, the technique has different advantages and disadvantages to the

ASTM standard. Although problems associated with sample warpage are

completely avoided, mirroring of contact stresses onto the tensile surface is

probably more severe than for the piston on three balls. Since the tensile bending

stress and tensile stress opposite the contact are additive, a large nonuniform
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tensile results. A further disadvantage is the very small volume of material under

maximum stress, similar to the condition existing in three point bending of bars.

Ball-on-Ring Configuration

The ball on ring configuration^ replaces the three lower supporting balls of the

ball on three balls with a ring. As a result, in addition to the problems of the ball

on three balls configuration, contact friction and specimen warpage become

potential problems.

Uniform-Hydraulic-Pressure Configuration

Another test configuration which has been used employs a hydraulic bladder to

apply a uniform load to the face of the sample.^ The use of the flexible hydraulic

bladder completely avoids problems of fnction and contact stresses but results in a

nonuniform stress state, much like three point bending. As a result, only in a very

small volume of the sample is found under maximum stress. Also, since the

support of the tensile surface is rigid, potential problems with specimen

nonuniformities and warpage still exist.

Coaxial-Ring or Ring-on-Ring Configuration

The coaxial ring^ or ring-on-ring configuration has much in common with the

previous techniques in that a biaxial stress state is formed. Here, however, a

relatively large volume of the sample can be under test. As with the other

techniques, potential sources of error are friction at the loading points, mirroring

of contact stresses from the loading ring onto the tensile surface, excess specimen

deflections resulting in “membrane” stresses and high stress at the sample edges

resulting in edge failures. Design of the fixture can minimize the potential sources

of error; each design condition will be discussed in turn.

Friction : Friction at the loading points is a potential source of error as it results in

constraint of the sample as the sample deflects elastically under load. In four-point

bend testing, friction can be avoided through the use of rolling loading points. In a

coaxial ring fixture, friction can be minimized by the use of rolling contact

elements such as rolling balls or “soft” contacting elements, such as springs or

low elastic modulus rings. Rolling balls offer the lowest potential friction

solution. Unfortunately, since the balls must roll both towards and away from the

center of the sample depending on the sample deflection, precise location of the

loading balls at the start of the test, which is critical for determining the loading
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geometry, is extremely difficult. Soft contacting elements, such as metal springs^

and polymers with low modulii," have been successfully employed. For the ease

of fabrication of the fixture and loading elements, the latter solution is preferred.

Acetyl polymer, which has a low coefficient of friction, low elastic modulus

(3.6 GPa) and high compressive strength (124 MPa),‘^ is one such material.

Contact Stresses : As noted previously, compressive contact stresses that exist at

the loading elements are mirrored as tensile stress onto the opposite surface.’^ If

the stress state on the opposite surface is tensile, superposition results in an

increased stress which could result in failure of the sample at a stress level lower

than the nominal calculated stress. Two techniques exist for minimizing contact

stresses: (1) increasing the contact area of the loading ring; and (2) reducing the

elastic modulus of the loading ring. For a loading ring with a square shoulder and

a given diameter, the contact stress can be decreased for a given load by

increasing the width of the ring, thus increasing the area of the ring in contact with

the sample. As the width increases, however, elastic solutions for the stress state

in the sample, which assume uniform contact stress across the width of the ring

Figure 1. Normalized compressive stress for a range of ring diameter ratios.
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section, become less accurate. This effectively limits the ring width to a small

fraction of the ring diameter. A second method for minimizing the contact stress,

for a given ring width, is by varying ratio of the outer loading ring diameter, D,, to

the inner loading ring diameter, D, . As the inner loading ring increases in

diameter, the area in contact with the sample also increases. However, since the

loading moment arm, which results in bending of the specimen, decreases as the

distance between the inner and outer rings decreases, the load needed to attain a

given stress level in the sample increases. A plot of the contact compressive stress

normalized by the maximum stress in the sample for a range of ring radii ratios

(Fig. 1) shows that there is a relatively low normalized compressive stress for

ratios of ring radii between 2 and 8. This range of radius ratios is one constraint

for the design of a coaxial ring fixture. In order to further minimize contact

stresses, low modulus polymer loading rings assures that any geometrical

mismatch between the ring and specimen, such as specimen warpage, does not

lead to high localized contact stresses. Although the low modulus ring material

can also accommodate some small degree of testing machine and fixture

misalignment, a fiilly articulated fixture with polymer loading rings further

reduces these potential sources of error.

Membrane Stresses : When the deflection of the sample under test becomes large

with respect to the sample thickness, elastic solutions for the stress state in the

sample are no longer valid. Typically, maximum deflections on the order of one

half the specimen thickness are acceptable. For a given stress in the sample, the

deflection depends on the geometry of the test fixture. When the deflection of the

sample is normalized by the thickness and plotted with respect to the ratio of the

diameters of the outer and inner loading rings for a square specimen having the

appropriate elastic constants for AIN (E = 308 GPa‘^ and v = 0.23), Fig. 2

illustrates that excess deflection is unimportant for the range of radii ratios

investigated.

Edse Stresses : It is difficult to avoid damage along the edges of samples during

normal machining and handling. Although the edges of the plates in coaxial ring

testing are outside of the load points, significant stress may still be applied to the

edges as a result of the “cupping” of the sample. Severe damage, in combination

with large applied stress at the edges, can result in edge failures which bias the

strength data. In three- and four-point bend testing of bars, edge failures are

avoided by rounding or chamfering the edges of the bars.' In coaxial ring testing,

sufficient amount of sample overhanging the outer fixture loading ring decreases

the level of stress to the point that edge failure becomes unlikely even for the most

severe defects. Literature references'^ show that the value of stress at the edge is
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Figure 2. Deflection of a 29 mm edge length AIN sample for a range of loading

ring diameter ratios.

approximately 10% of the maximum stress in the sample when (D3 - D,) > 12t,

where D3 is the sample diameter for round samples or 1 .2 times the edge length,

L, for square samples.^ It is believed that this is a safe, practical value.

Final Coaxial-Ring Confi2uration : These design considerations result in the

following fixture design constraints:

• 2 < D,/D, <8, to minimize loading ring contact stress

• D,/D, > 1.5, to minimize nonlinear elastic effects

• (D3 - D3) > 12t, to minimize edge failures.

Rearranging and substituting values for present smallest expected specimen size,

square 20 x 20 x 0.7 mm AIN specimens, the last constraint gives:

D2 < D3 - 12t = 1.2(20 mm) - 12(0.7 mm) = 15.6 mm
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To maximize the volume of material under test and to minimize the normalized

compressive contact stress at the loading ring, a ratio of outer-ring diameter to

inner-ring diameter of 2 : 1 is chosen. The final design parameters for the test

fixture are then an inner and outer loading ring diameters of D, = 8 mm and

D, = 1 6 mm, respectively, for square specimens of edge length of at least 20 mm
and thickness of 0.7 mm.

The stress state in a sample loaded by coaxial rings is biaxial and constant on the

surface directly opposite the inner loading ring and has a value given by^

o^
3P

Auf-

/

2(l+v)ln

\

\

+ (1-v)

\

D; -D ';

(1 )

where v is Poisson’s ratio of the sample.

Loading Ring Yield: There is also concern that the polymer loading rings could

yield when very high loads are applied, e.g., for specimens which are especially

strong and thick. For a 1 rmn ring width, the expected compressive stress in the

upper loading ring would exceed the compressive yield strength of the acetyl

polymer ring only when the strength of the specimen exceeds 1 GPa and the

specimen thickness is in excess of 1 . 1 7 mm. Both of these values are much greater

than the expected specimen parameters.

EXPERIMENTAL

Material Compositions

Evaluation ofAIN materials was performed on three materials, identified as

AIN - 0, AIN - 1 and AIN - 2, each supplied by Toshiba Corp.* AIN - 0 was

identified as a commercial material produced fi'om a direct nitrided AIN powder

'Certain commercial materials are identified in order to adequately specify the

experimental procedure. Such identification does not imply recommendation or

endorsement by the National Institute of Standards and Technology, nor does it imply that

the materials or equipment identified are necessarily the best available for the purpose.
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and 3 wt% Y2O3 as a sintering additive and was representative of current

production. The AIN - 1 and AIN -2 materials were prototype materials. Each used

Dow 35548 AIN powder, a material produced by carbothermal reduction. The

AIN - 1 material was fabricated using the same dopant chemistry (3 wt% Y2O3)

and similar sintering conditions as the reference material. The AIN - 2 materials

contained a complex dopant package (3 wt% Y2O3, 1 wt% CaCOj, 0.25 wt%
LaBg, and 0.3 wt% WO3), which was formulated for sintering at much lower

temperatures.

Testing Conditions

The mechanical properties of each material in the as-received condition were

evaluated in biaxial flexure using a coaxial ring fixture with acetyl polymer rings of

nominal 8 and 16 mm diameters. The samples were equilibrated in flowing dry

nitrogen atmosphere for at least 5 minutes then stressed at approximately 20

MPa/s, except as noted. Loads were measured with a 1000 N load cell which was

calibrated using dead weight loading in 100 N increments from 100 to 500 N prior

to testing. The maximum deviation from linearity within this range was 0.2 N,

yielding an error of less than 0.1 % for the load range employed. Specimen

thickness was measured using a micrometer to 2 pm after testing, yielding a

possible error of 0.6 % in strength based on a nominal 0.7 mm sample thickness.

Errors in the determination of ring diameters would be expected to result in errors

of less than 0.35% in the stress level. Calculation of stress required a value for

Poisson’s ratio. A value of 0.23 was used for the calculations. A maximum error in

calculated stress of 2.2 % would result if the true value of Poisson’s ratio were

between 0.19 and 0.27.

Strength

Strength variations in nominally identical samples of brittle materials are typically

described in terms of the Weibull distribution, based on extreme value statistics.'’

The two-parameter Weibull distribution employs an equation of the form;

P = - exp
( 0 .)

1

\ oy
.

(3)

where P is the probability of failure, Sq the characteristic strength (scale parameter)

and m is the Weibull modulus (shape parameter).
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The Weibull modulus was evaluated in biaxial flexure for all three materials in the

as received state. The samples were tested in dry N2 at loading rates of

approximately 20 MPa/s. Approximately 30 samples of each material were tested

for estimation of Weibull modulus. The Weibull modulus was calculated using a

maximum likelihood technique with an unbiasing factor to account for the number

of samples tested.'® The data are plotted using order statistics. If a series of n

samples are tested and the strengths of the samples are ordered from lowest to

highest, the probability of failure of the i’th strength P; is approximated by:'®

P = (i-0.5)/n
(3)

A plot of In ln[l/(l - PJ] against ln[aj] should give a straight line of slope m and

an intercept of -m ln[SJ, when a single flaw population exists in the sample.

Limited numbers of samples were examined with optical microscopy to determine

the failure origin and to assure that failure was not occurring either directly

opposite the upper loading ring, as might be the case when contact stresses are

mirrored on the tensile surface, or at the edges. In general, the approximate

location of the failure origin could be located, but the flaw which resulted in

failure could not be inconclusively identified. This, in large part, was due to the

lack of large, strength limiting flaws such as pores or cracks.

AIN - 0 Strensth : Evaluation of the Weibull Modulus ofAIN - 0 gave an unbiased

likelihood estimator of the Weibull modulus of 14.5 and characteristic strength of

403 MPa. The straight line behavior in the Weibull plot (Fig. 3) indicates that

multiple flaw populations and failure mechanisms are probably not active.

Fracture surfaces of selected samples were examined in the stereo microscope. At

the limits of resolution of the stereo microscope (Fig. 4) it appeared that the

failure might have originated at relatively small areas which might have been

incompletely sintered or had a slightly different distribution of the second phase

dopant; this conclusion, however, is preliminary and requires further

investigation. For the samples of AIN - 0 which were examined, no edge failures

were found and there did not seem to be a predominance of failures which

initiated near the inner loading ring.

AIN - 1 Strength : Prior to testing, the AIN - 1 samples were examined for

variations which might indicate changes in properties or difficulties in testing. As
compared to the homogeneous, flat samples of AIN - 0, some of the samples were
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Inert Strength for Toshiba

Figure 3 Weibull plot ofAIN - 0 strength data.

clearly warped. Since the coaxial ring fixture was not designed to accommodate

warped samples, it was felt that this warpage could affect the stress state, thus the

measured strength. Two options existed: (1) either the samples could be sorted by

degree of warpage and the least warped samples could be tested; or (2) the degree

of warpage could be quantified, all of the samples could be tested and a

correlation between measured strength and degree of warpage could be sought.

Segregation of the samples by degree of warpage was rejected as censoring data

could have biased the results. For example, density gradients in the unfired tape

cast sample, which could cause warpage, would probably have also caused local

grain size and porosity variations, either ofwhich can affect strength. Therefore,

the degree of warpage was quantified by measuring the ratio of the maximum
caliper thickness to the true specimen thickness. (Fig. 5) After these

measurements were completed, the strengths of the uncensored samples were

measured. A scatter plot of the maximum warpage and strength is presented in

Fig. 6. While there might be acorrelation ofmaximum warpage to strength, since

some of the least warped samples have the highest and lowest strengths, and the

most warped samples do not have the lowest strengths, it was felt that warpage

11



Figure 4. Fractographic analysis of a representative sample ofAIN - 0.
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Warpage Measurement in Samples

Figure 5 Measurement of the degree of warpage in samples.
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Figure 6. The strength of unindented AIN - 1 samples does not seem to correlate

with the maximum specimen warpage.
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Inert Strength for Toshiba - Dow
As-Received AIN - 1 Specimens

Figure 7. Weibull plot of the AIN - 1 strength data.

did not strongly influence the measurements. It should be noted, however, that the

direction of warpage with respect to the fixture (e.g., concave up or concave

down) was not evaluated and no correlation was made to strength.

Results of these strength measurements on AIN - 1 are given in a Weibull plot.

(Fig. 7) As with the measurements on AIN - 0, the close fit to the straight line in

the Weibull plot indicates that multiple flaw populations are probably not active

in AIN - 1 . The unbiased maximum likelihood estimate of the Weibull modulus is

6.6 with a characteristic strength of 352 MPa, both values significantly less than

those for AIN - 0.

In spite of the straight line behavior in the Weibull plot, indicative of a single

active flaw population, visual examination of the AIN - 1 samples showed two

distinct groups. While most of the samples were translucent with a slight green-

blue color, some were much lighter in color, nearly white, and were opaque. A
scatter plot of specimen strength and thickness (Fig. 8) shows that samples which
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AIN - 1 Samples

Figure 8. Most of the samples were translucent, except as noted.

Thicker AIN - 1 samples seemed to have a lower strength than

average and were opaque in appearance.
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Figure 9. Strength and density of selected translucent and opaque

AIN - 1 samples.
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were “opaque” or “matt” in appearance or were generally thicker and weaker than

average. Since it was felt that both the opacity and increased thickness could be

the result of samples which had a low sintered density, and this low density could

result in low strengths, a series of samples, 5 of which were opaque and 5 of

which were translucent, were randomly chosen from the remaining unbroken

samples. The Archimedes densities of these samples were measured prior to

measuring the strengths of these samples. A scatter plot of the measured strengths

and densities of these two groups of samples is shown in Fig. 9. While the

samples with the two lowest densities were opaque, the other three opaque

samples had densities equal to those for the translucent samples. Further, the

opaque sample with the lowest strength had a high density and the low density

samples were not significantly weaker than average.

Since neither thickness, low density nor specimen color (opacity) were clearly

correlated with variations in strength of the AIN - 1 samples, these data were

included with the previously measured strength data in a Weibull plot. Figure 10

shows that the opaque specimens tend to be segregated to the lower strength

Inert Strength for Toshiba - Dow

Figure 10 Weibull plot of translucent and opaque AIN - 1 samples. Note that the

opaque samples tend to the bottom of the strength distribution.
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values and are not found among the strongest samples. Inclusion of the relatively

large fraction of opaque samples (8 samples out of 40 as opposed to 3 out of 30

originally) decreases the Weibull modulus from 6.6 to 6. 1 and the characteristic

strength from 352 to 344 MPa. Although sufficient samples are not available for a

full statistical analysis, it appears that the opaque samples may have different

characteristics than the translucent samples.

As with examination ofAIN - 0, fractographic analysis was able to determine the

general failure origin but was not able to inconclusively determine the strength

limiting flaw. Examination of the surface of the samples showed an irregularity in

the surface finish of the sample which appeared to be small blisters or perhaps

second phase which exuded from the sample during firing. (Fig. 1 IB.) Also,

several small circular indentations could be found on the surface. (Fig. 1 ID.)

These could have been a result of the lamination procedure which was employed

to fabricate the samples. It should be reiterated that the actual strength limiting

flaw could not be unambiguously identified and observation of either of these

features could not be correlated with the failure origin.

AIN - 2 Strength : The AIN - 2 samples were examined for variations in color and

warpage prior to testing. Although these samples had a uniform base color, they

had varying amounts of a second phase on the surface and the samples were even

more warped than the AIN - 1 samples. As for the AIN - 1 material, there does not

seem to be a correlation of strength with the degree of warpage. (Fig. 12) The

scatter about the straight line in the Weibull plot (Fig. 13) indicates that there

might be multiple strength populations. The unbiased maximum likelihood

estimate of the Weibull modulus is 2.3 with a characteristic strength of 220 MPa,

both values significantly less than those ofAIN - 0 and AIN - 1 . Fractography

showed various pits on the surfaces (Fig. 14A, C, D) and what appeared to be a

porous layer or layer denuded of second phase about 35 pm in thickness at the

surface (Fig. 14B). The combination of these artifacts may have been responsible

for the relatively poor performance of the AIN - 2 samples.

Comparison : Comparison of the strength distributions of all three materials is

given in Figure 15. The various rankings between the three materials is quite

clear, with high Weibull modulus for AIN - 0 and AIN - 1, and a wider spread in

strengths corresponding to a lower Weibull modulus for AIN - 2. Of particular
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Figure 11. Fractographic analysis ofAIN - 1.
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AIN - 2 Sample
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Figure 12. Specimen strength does not seem to correlate with maximum
warpage.

Inert Strength for Toshiba - Dow

Figure 13. Weibull plot ofAIN - 2 strength data.
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Figure 14. Fractography ofAIN - 2.
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interest are the strongest samples ofAIN - 0 and AIN - 1 ;
there is considerable

overlap in the strengths, indicating that there may be no inherent difference in the

properties of the two materials.

Inert Strength for As-Received AIN Specimens

Strength [MPa]

Figure 15. Comparison of the strength distributions of all three AIN materials.

Toughness

For brittle materials, the strength is composed of two primary factors: (1) flaw

tolerance or toughness and (2) the severity of the strength controlling flaw. As
changes in processing and microstructure may influence each of these two

parameters independently, measurement of toughness, by means of the strength of

a sample with a controlled flaw, is of utility. The technique chosen for this study

is indentation strength in bending (ISB), in which a controlled flaw is introduced

into the sample through the use of a Vicker’s diamond indenter and the indented

sample is then broken. The indentation process was evaluated theoretically by
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Anstis et al. and the ISB technique was evaluated experimentally by Chantikul et

al.-^ It has been shown that, for brittle materials, when a range of indentation loads

are employed, well developed median cracks develop at the comers of the Vickers

indent and in the absence of R-curve effects (increasing resistance to crack

extension with increasing crack length), a plot of indentation load and fracture

strength, both on logarithmic scales, should yield a straight line of slope - 1/3. If

the -1/3 slope criterion is fulfilled, the fracture toughness can be calculated using

the equation:

(4)

where E is the Young’s modulus (308 GPa for AIN'^), H is the material hardness

(12 GPa for AIN^'), Of is the strength of the specimen indented with a Vickers

indenter with a load of P; and t) is an ISB calibration constant which has a value

tabulated in the literature of 0.62.^° On each of the indentation load - strength

AIN - 0

Figure 16. The indentation strength in bending gave a toughness value of

3.6 MPa-V"m.
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plots, a data point for unindented strength and a horizontal line through it is also

included. The intersection of this line and the regression line represents the

indentation load needed to produce a Vicker’s indent which has a severity similar

to that of the intrinsic flaws in the material. The toughness value reported are the

average of the individual K,c values calculated using Eq. 4.

AIN - 0 Toughness : Results of ISB measurements on AIN - 0 are shown in Fig. 16.

The regression line for data from indentation loads greater than 4 N shows a slope

of -0.32, in good agreement with the theoretical value of -1/3. The calculated

average value of K,c from the three largest indentation loads is 3.6 ± 0.3 MPa-/m.
The straight line behavior also indicates that AIN - 0 does not exhibit any R-curve

behavior.

AIN - 1 Toughness : We have noted previously that AIN - 1 samples could be

separated into two groups on the basis of appearance, translucent and opaque. The

ISB data has also been separated into these two groups. For the translucent

samples, the regression line for the four highest indentation loads had a slope of

- 0.25, somewhat less than the expected value of -1/3.

AIN - 1 Translucent

Figure 17. The measured ISB toughness for translucent AIN - 1 was

2.5 MPa-/m.
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The lower than expected slope could be the result of R-curve behavior. However,

as none of the other samples seemed to exhibit R-curve behavior, a more likely

explanation the large overlap in the strength data of the unindented samples and

those indented at 2 N. (Fig. 17) Apparently the flaws produced by the 2 N Vickers

indents were only slightly more severe than the naturally occurring flaws in the

material. Without these 2 N indent data, the slope is -0.28, somewhat closer to the

expected -1/3 value. Using these data, that calculated fracture toughness is K,c =

2.5 ± 0.4 MPa-/m, significantly less than the value of 3.6 MPa-/m measured for

AIN - 0.

If we invoke linear elastic fracture mechanics and assume that the flaw population

in AIN - 0 and translucent AIN - 1 are similar, any changes in fracture toughness

between the two materials should be proportionately reflected in the strengths of

the samples; we would expect a decrease in strength of31% from that of the

AIN - 0 samples. Taking the characteristic strengths of from the Weibull modulus

determinations, 403 and 351 MPa, respectively, we find a measured strength

AIN -1 Opaque

Figure 18. The measured toughness was 2.0 MPa-/m.
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decrease of 13%. Since the actual strength decrease is less that expected from

changes in toughness, the flaws leading to failure in the translucent AIN - 1

samples appear to be less severe than those in AIN - 0. The relatively high density

of the AIN - 1 samples, as evidenced by the translucency, would imply that there

are relatively few features such as pores and cracks, which not only scatter light

but could also act as flaws. A more quantitative measurement such as density

comparisons is desirable but, as will be discussed, although the dopant system and

amounts of dopant for AIN - 0 and translucent AIN - 1 are the same, the

crystalline second phases are significantly different. Therefore, direct comparison

of Archimedes densities would not yield meaningful information. It is interesting

to note, however, that the variability in Archimedes density in each the two sets of

samples, as measured by the respective standard deviations, seems to mirror the

variability in strengths, as measured by Weibull modulus. (Table I)

The regression line through the data for the opaque AIN - 1 material fit the

expected -1/3 slope quite well. (Fig. 18.) The calculated average toughness was

K[c = 2.0 ± 0.3 MPa-Vm, less than that for either AIN - 0 or translucent AIN - 1.

Within the scatter of the data, it is not clear that there is a statistically significant

difference between the translucent and opaque samples ofAIN - 1 . As a result, it

is not possible to determine if the lower unindented strength in opaque AIN - 1

samples, as compared to the translucent AIN - 1 ,
is a result of changing fracture

toughness or changing flaw population. The data showed clearly, however, that

there is a significant difference in materials properties between AIN - 0 and

AIN - 1 . The reasons for these differences were not apparent.

AIN - 2 Tou2hness : ISB measurements on AIN - 2 also showed the expected

behavior, with the regression line slope of -0.31. (Fig. 19.) The average toughness

determined from the data is K,c = 2.4 ± 0.3 MPa-/m, similar to the values

measured for both groups ofAIN - 1 material but significantly different than that

for AIN - 0.

As opposed to the behavior of AIN - 1 ,
the decrease in strength in these samples,

as compared to AIN - 0, was greater than that which would be expected from

toughness changes alone; clearly the flaw population was also changing. This is

also supported by the relatively low Weibull modulus and fractographic evidence

of changing microstmcture near the surface of the samples.
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AIN -2

Figure 19 The measured ISB toughness for AIN - 2 was 2.4 MPaVm.

Dynamic Fatigue

Reliability of materials in service not only involves survival during short time,

high load conditions, such as impact loading, but also survival over long time

periods at loads which would not cause failure during short times. Since the

failure is time dependent, it is a thermally activated process. Frequently, this is a

combination of stress fields in the sample with external chemical agents such as

moisture in the air. For indented samples with a residual stress at the indent,^^ a

mathematical description of the reduction in fracture strength for long-term

constant stress, staticfatigue, loading is:‘^

a
/

(5)
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where S is the short-term strength, tf is the time to failure at the applied stress o^,

B’ is a term describing crack growth conditions, and N’ is a residual stress

modified crack growth exponent. Rearranging to obtain an expression for tf,~^

r - B'S
^

'
= a '

(6)

If a distribution in fracture strength exists and the samples are loaded to the same
stress level, as N’ becomes large (>50) the time to failure can vary greatly. For

example, if a given sample is loaded to 90% of its short time failure stress, the

time needed for failure to occur increases by a factor of 200 for an N’ of 50 and by

a factor of 37,650 for N’ of 100. The wide range of times to failure can become an

experimental difficulty when experiments are to be carried out in finite times.

An alternate approach, which avoids the possibility of extremely long testing

times, is to load the indented samples at a constant stressing rate, da/dt, until

failure occurs. The dynamicfatigue failure strength is then given b}r^

a

T 1

J_^ 7^
d d

(7)

where Of is the measured fracture strength for a stressing rate da/dt and Oq is the

strength at a reference loading rate of 6^, taken here as 1 MPa/s. Since the load on

the sample is constantly increasing imtil failure occurs, failure is assured in

reasonable times, depending on the stressing rate. Further, it has been shown that

rapidly preloading samples to 70% of the expected failure stress, effectively

reduces the total test time by 70%, yet has minimal effect on the final failure stress

and N’ value.^"* For practical reasons concerning the ability to obtain adequate

sampling statistics in the time frame available, this dynamic fatigue technique was

chosen for testing the AIN samples.

For a displacement-controlled testing machine the stressing rate can be varied

over 5 orders of magnitude by using a combination of varying the cross-head

speed and employing a high compliance base for the coaxial ring fixture. Testing

times can be varied from approximately 1 s without a preload to 1 5 h for the

slowest loading rate with a 70% preload.
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periods is a result of a thermally activated process involving interaction of the

environment and the sample. Since AIN is thermodynamically unstable in water

vapor and decomposes by the reaction

AIN + 3H^O => Al{OH)^ + NH^ (8)

it was felt that testing AIN in an environment of nitrogen saturated with water

vapor would show the greatest effects of atmosphere. Therefore, testing utilized

nitrogen flowing at 100 seem and bubbled through distilled water. This gas stream

was directed onto the tensile surface of the sample using gas flow channels in the

coaxial ring flexure fixture. The flowing gas, coupled with the sealing action of the

lower loading ring, assured that the desired atmosphere on the tensile surface was

achieved and maintained. The gas mixture was allowed to flow for a minimum of 5

minutes prior to loading the sample to assure that the atmosphere was equilibrated.

In order to produce controlled flaws in the AIN samples, the tensile surface was

indented with a Vicker’s indenter immediately prior to testing. Preliminary work

showed that an indentation load of 14.7 N was sufficient to produce well

developed radial cracks systems without chipping; this indentation load was used

for all dynamic fatigue testing.

AIN - 0 Dynamic Fatigue: Dynamic fatigue data for AIN - 0 are given in Fig 20 for

differences in stressing rates of 4 orders of magnitude. While the scatter in the

fracture stress for any given stressing rate appears large, this is a result of the

logarithmic strength scale employed. As expected, with decreasing stressing rates

the average fracture strength decreased. The very low slope is indicative of a low

influence of atmosphere on strength, as indicated by the high N’ value of 125. For

reference, typical N’ values for silicate glasses, which show a moderate sensitivity

to moisture, are on the order of 15 to 20.

There is, however, significant overlap of the fracture strengths over the 4 orders of

magnitude in stressing rates employed. Included in this figure are data from two

tests in which water vapor was absent from the gas atmosphere, labeled dry Nj.

These data also fit well with the data from the water saturated Nj, further

supporting the conclusion that water vapor has small effect on strength in this

material.
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Dynamic Fatigue Data for

Figure 20. Dynamic fatigue data for AIN - 0 samples in nitrogen saturated with

water vapor at room temperature.

AIN - 1 Dynamic Fatigue : Similar measurements performed on the AlN-1

material show the same trend of low sensitivity to stressing rate in moist

atmospheres (Fig. 21), as shown by the nearly flat to slightly negative slope. A
regression line through these data yields an N’ value of -89. Although negative

values of N’ are unphysical, since they indicate that the material becomes stronger

when stressed for long periods of time, such behavior has been observed

elsewhere.^^ A more likely explanation of the negative N’ value is based on the

sampling statistics. Since N’+l is the reciprocal of the slope, when the slope of

the regression line is nearly zero, small scatter in the data can result in large

changes in N’, including negative values. Statistically, the confidence interval of

the N’ value can be related to the confidence interval, or scatter, of the

measurements taken at the two extremes in the stressing rate.^® Assuming normal

statistics for the log of the failure strengths, rearranging the defining equation for

N’ (Eq. 7) and changing the derivative to a finite difference of the fastest and

slowest loading rates:
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Dynamic Fatigue Data for

AIN - 1 in 100% Relative Humidity

Figure 21. Dynamic fatigue ofAIN - 1 in water saturated Nj atmosphere.

1
log{oA - log{oA

Slope = = ^

^

N’ + 1 log{d^ - /og(dj)
(9)

The denominator is the difference in the log of the applied stressing rates and the

numerator is the difference in the log of the mean failure stresses corresponding to

each loading rate. Assuming that the error in the measurement of loading rate is

insignificant compared to the variations in fracture strength, the variation in N’ is

dependent only on scatter in measurement of the mean failure strengths at the two

loading rates. The number of samples needed at each loading rate to estimate a

difference of the means within 65 units is:

\2

{SD^ + SDh
(11)
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where z„/2
= 1 -65 for a 90% confidence interval and SD, is the standard deviation

of the log of the strengths at each respective loading rate. For a practical range of

loading rates of five orders of magnitude difference and an estimated value of N’

of 125, a 20% variation in the value of N’ would give:

6s = (20%)(5/125) = 0.008 (11 )

Substituting present values for measured standard deviations of each of the three

materials gives an estimate of the number of samples needed to obtain an N’ value

within 20% of its actual value with a 90% confidence interval.

For AIN - 0: SD, = 0.03257 and SD, = 0.0231 1 to give n, = nj = 68 specimens.

For AIN - 1: SD, = 0.04295 and SD2 = 0.02134 to give n, = n2 = 98 specimens.

For AIN - 2: SD, = SD2 = 0.08508 to give n, = n2 = 308 specimens.

The relatively large standard deviations in the measured strengths ofAIN - 1 and

AIN - 2, coupled with the small slope (high N’ value) requires that large numbers

of samples must be tested in order to obtain an accurate estimate of N’. Clearly,

measurement of 4 to 5 samples ofAIN - 1 is inadequate to obtain an accurate

Table I. AIN Data Summary.

Measurement
AlN-0 AIN - 1

Translucent Opaque

AIN -2

Density 3.324 3.299 3.228 3.286

[Mg/m^] ±0.003 ±0.012 ±0.102 ±0.013

Weibull m 14.3 6.6 2.3

So [MPa] 403.5 351.6 220.4

ISB Toughness 3.6 2.5 2.0 2.4

[MPa-/m] ±0.3 ±0.4 ±0.3 ±0.3

Dynamic 125 -89 not

Fatigue N’ measured
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estimate of the slope. Thus, it is not surprising that a relatively large positive, or

negative value was obtained. Since these testing requirements were in excess of

the number of samples available, no further dynamic fatigue testing was

performed on AIN - 1 or AIN - 2.

Phase Analysis

The phase on the surfaces of the as-received AIN samples were determined by x-

ray diffraction (XRD). The results of these measurements are given in Fig. 22. For

all AIN samples, the primary crystalline phase present is AEM. The crystalline

second phases present are different in each sample. AIN - 0 contains almost

exclusively yttrium aluminum garnet (YAG, 3Y2O3 : 5AI2O3, JCPDS^^ card #33-

40). Three small, unidentified peaks exist at 31.7°, 37.4° and 45.5° 20 (Cu-Kct

radiation). These unidentified peaks could not be indexed to either the monoclinic

(YAM, 2Y2O3 : IAI2O3, JCPDS 34-368) orperovskite (YAP, IY2O3 :1A1203,

JCPDS 38-222) yttrium aluminate phases.

AIN -2

AIN - 1 Opac^
AIN - 1 Translucent

AIN-0

Figure 22. XRD data for the AIN materials. The primary phase in each is

AIN but the secondary phases are different.
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Only minor differences were found between the translucent and opaque AIN - 1

samples. The translucent and opaque AIN - 1 samples seemed to have only YAM
present on the surface. The opaque AIN - 1 samples also had an unidentified peak

at 41.6° 20. The second phases could not be indexed to the ternary CaYA104

phase or binary CaO - Y2O3 phases.

Phase analysis ofAIN - 2 did not show any of these three yttrium aluminate

phases but other, unidentified phase(s).

It should be noted that the phases identified by XRD are the phases present on the

as-received surface and may not be representative of those present in the interior.

Microstructural Observations

Microstructural observations of unetched polished sections using scanning

electron microscopy** (SEM) also showed significant differences.

AIN - 0: The AIN - 0 samples showed a very well dispersed, equiaxed, isolated

second phase at the AIN grain boundaries (Fig. 23A). At higher magnifications it

is apparent that the YAG phase has a large contact angle with the AIN (Fig. 23B);

there were no indications ofAIN boundary wetting. This behavior was unexpected

since, for a liquid phase to be advantageous in promoting densification, wetting

behavior is desirable. One possible explanation for this inconsistency is that the

contact angle increases as the material cools from the sintering temperature. The

final geometric configuration is frozen in when the second phase as well as the

AIN matrix both have insufficient atomic mobility to change the space filling

geometry.

AIN -

1

: Initial observations of polished AIN - 1 sections showed a system with an

apparent inhomogeneous dispersion of second phase; some relatively large areas

seemed to be devoid of the yttrium aluminate phase. (Fig. 24A.) Closer

examination, however, showed the areas devoid of the yttrium aluminate phase

resulted from pull-outs of the second phase during polishing. Since all of the

samples were simultaneously polished using the same conditions, these pull-outs

might have resulted from high internal stresses in this sample, as compared to

those in AIN - 0. As with the AIN - 0 sample, high magnification shows the

second phase appears to be non-wetting (Fig. 24B).

’’The authors wish to acknowledge James Kelly for his SEM work.
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Figure 23 Polished section of AIN - 0 sample showing Aihomogeneous distribution ol

YAG and B) large contact angle of solid YAG with the AIN matrix.
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Figure 24 Polished sceiion ol' iransluceni AIN - 1 sample. A) The apparent

inhomogeneous disirihuiion of Y20-^ - containing second phase is shown B) to

be primarily the result of pull-outs.
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Opaque AIN - 1 samples appeared more extreme in their behavior. At low

magnification the distribution of second phase appeared to be even more

inhomogeneous than that of the translucent AIN - 1 samples. (Fig. 25) Here, also,

the areas devoid yttrium aluminate were a result of polishing pull-outs (Fig. 26A).

Also, the second phase particles which were previously non-wetting, now had a

much smaller contact angle and frequently had internal cracks (Fig. 26B).

Preliminary energy dispersive spectroscopy (EDS) measurements showed these

particles to have increased yttrium to aluminum ratios. One possible explanation

is that the initial effective oxygen content of the AIN - 1 powder was lower than

that of the AIN - 0 powder thus, for the same YjOj additions, the yttrium to

aluminum ratio was greater in the AIN - 1 samples. The cracking observed in the

individual clusters of grains in these samples could have linked along wetted

boundaries and resulted in larger flaws which could have lowered strength. It must

be reiterated that this is very speculative.

AIN - 2 : The behavior ofAIN - 2 was more complex. A large degree of

inhomogeneity was obvious in these samples. (Fig. 27) Here, however, the

apparent inhomogeneity was real and not a result of pull-outs (Fig. 28A). Clusters

of second phase rich regions covering 50 pm were apparent. In general, the

second phase appeared to have a relatively low contact angle. Even on a very fine

scale, there were changes in contact angle (Fig 28B), suggesting chemical

inhomogeneities on this scale. Cracks in the second phase were not observed.

DISCUSSION AND CONCLUSIONS

A wealth of data has been gathered on a series of samples which are physically

quite different. The consistency in properties ofAIN - 0 demonstrates the skill that

has been developed during large scale production of this material, while the

variations in AIN - 1 and AIN - 2 show the learning process associated with the

small scale processing ofprototype materials. Beyond these changes in production

conditions, the AIN powder sources, dopant systems and firing conditions were

also varied. The variations in the basic material brought out by these changes is

most clearly shown in composition of the second phases present in the final

materials. Although AIN - 0 and AIN - 1 nominally had the same dopant content

and were sintered under similar conditions, the second phases produced were

different. (Fig. 22) The differences were even more pronounced for AIN - 2 where

the basic composition of the dopant package, as well as the sintering temperature

and time, were vastly different. The differences in second phase composition and

structure could have profound influence on the mechanical properties through any
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Figure 25 Polished section of opaque AIN - 1. The distribution of Y20
containing second phase appears to be quite inhomogeneous at low

magnificati(m.
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Figure 26 Polished section of opaque AiN -1
. A) Areas devoid of Y203 -

containing second phase were the result of pull-outs. B) The contact angle of the

second phase decreased significantly from that in AIN - 0 and cracks were found
in many of the second phase panicles.
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Figure 27 Polished section ol' AIN - 2. A large degree of inhomogeneiiy was

apparent in AIN - 2 samples both at A) low magnification and B) higher

magnification.
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Figure 28 Polished section of AIN - 2. A) Inhomogeneity present in AIN - 2

samples was not the result of pull-outs. B) Chemical imhomogeneities may lead

to changes in contact angle with the matrix even on a fine scale.
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number of possible variables: wetting behavior and distribution of second phase in

the AIN matrix; differences in coefficient of thermal expansion mismatch between

the second phase and the matrix; elastic modulus changes; and interfacial bond

strength between the AIN and the second phase. As a result, it is almost surprising

that the three materials are so similar in their properties.

This investigation into the mechanical properties of AIN is preliminary;

differences in materials and properties have been noted and hypotheses

concerning the causes of these differences have been proposed. Based on this

substantial beginning, further effort on the basic factors influencing the

mechanical properties in these relatively complex systems has been planned.
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